Polo-like kinases in yeast, flies, and mammals [7, 8] ). Additional complexities in the regulation of cell division during development may have driven the expanregulate key events in mitosis. Such events include spindle formation at G2/M, the anaphase-promoting sion of polo-like-kinase genes in metazoans. In any case, functions of polo-like kinases appear to be highly con- has a functional pb domain that localizes the enzyme to the nucleolus during G2, to the mitotic defect in yeast [13] . Targeting of the enzyme to specific subcellular locations presumably regulates timely centrosomes in G2/M, and to the cleavage furrow during cytokinesis. To study the role of Sak in and efficient interaction with substrates to drive multiple events in the cell cycle. Alignment of available polo-likeembryo development, we generated a Sak null allele, the first polo-like kinase to be mutated in kinase sequences revealed a single polo box domain in Sak at the C terminus, with its position and sequence mice. Sak Ϫ/Ϫ embryos arrested after gastrulation at E7.5, with a marked increase in mitotic and apoptotic similarity suggesting the designation pb2 (Figure 1b,c) . Sak also has three PEST sequences commonly found in
embryo development, we generated a Sak null allele, the first polo-like kinase to be mutated in kinase sequences revealed a single polo box domain in Sak at the C terminus, with its position and sequence mice. Sak Ϫ/Ϫ embryos arrested after gastrulation at E7.5, with a marked increase in mitotic and apoptotic similarity suggesting the designation pb2 (Figure 1b ,c). Sak also has three PEST sequences commonly found in
cells. Sak Ϫ/Ϫ embryos displayed cells in late anaphase or telophase that continued to express
proteins with short half-lives, and Sak is ubiquitinated and destroyed in G1 [7, 8] .
cyclin B1 and phosphorylated histone H3. Our results suggest that Sak is required for the APCdependent destruction of cyclin B1 and for exit
To determine where Sak localizes in the cell and whether from mitosis in the postgastrulation embryo. the pb2 domain of Sak is required for subcellular localization of the protein, we examined NIH-3T3 cells express-Polo-like kinases are key regulators of mitotic structures tion in mice, we designed a gene-targeting vector to replace exons 1 and 2 of the gene [15] with a Neo gene and cell cycle progression [1] [2] [3] [4] [5] [6] . The kinase domain of Sak is most closely related to that of the polo-like kinases, and thereby deleted the start of translation and part of the Sak kinase domain (Figure 2a ). Homologous recombibut Sak appears to have diverged from a primordial pololike kinase early in the radiation of metazoans (Figure 1a; nation at the Sak locus in ES cells was confirmed by all stages of the cell cycle. Arrows mark the nucleolus, centrosomes, murine Sak, Drosophila polo, and murine Plk. Sequence and cleavage furrows. The synchrony of the cells released from serum conservation that is Ն 80% is highlighted in black, that which is Ն60% starvation was 80%-90% as monitored by FACS throughout the and Ͻ80% is highlighted in blue, and that which is Ն40% and experiment. undergone gastrulation and a neural plate was evident, Sak Ϫ/Ϫ embryos lacked Sak protein by immunohistochemistry, confirming the mutation as a null for protein expressomite development and neural-tube formation were not observed. This finding implies that they had arrested at sion. The Sak protein in wild-type embryos was expressed prominently in cells in anaphase and telophase, and this a stage approximately equivalent to E7.5. The proportion of mitotic cells was increased throughout the Sak Ϫ/Ϫ emresult is consistent with a role for Sak in late mitosis (Figure 3b,c) . To determine the stage of mitotic arrest in bryos, and this observation suggests that cell division was delayed or blocked ( Figure 2e ). Genetic evidence in S.
Sak Ϫ/Ϫ cells, we stained embryo sections for phosphorylated histone H3 and cyclin B1. Phosphorylated histone cerevisiae suggests that Cdc5 is downstream of Rad53 (human Chk2) and MEC1 (human ATR), components of a H3 is rapidly dephosphorylated following APC-dependent destruction of cyclin B and serves as a surrogate mitotic exit checkpoint that delays cyclin destruction and exit from mitosis [5] . In human cells, Plk activity is supmarker of Cdk1 silencing in anaphase [17] . Phosphorylated histone H3 was detected on condensed chromatin pressed by DNA damage, and a constitutively active Plk can override the G2/M arrest caused by DNA damage in late mitotic cells 6-fold more frequently in sections of Sak Ϫ/Ϫ than it was in sections of Sak ϩ/ϩ embryos (Figure [6] . Therefore, a deficiency in polo-like-kinase activity in Sak Ϫ/Ϫ cells may lead to an unresolved checkpoint and 3d). This finding is consistent with a block or delay in progression through anaphase. Cyclin B1 degradation northe activation of pro-apoptotic pathways [16] . To examine this possibility, we stained embryo sections by TUNEL mally begins as soon as the last chromosome is aligned on the metaphase plate, and it is largely complete when for fragmented DNA. This staining revealed a marked increase in apoptosis in the Sak Ϫ/Ϫ embryos compared to anaphase begins in cultured epithelial cells [18] . The finding that the expression of nondegradable forms of embryos expressing Sak (Figure 3a) . cyclin B1 inhibits exit from mitosis demonstrates a causal association of persistent cyclin B1 with late mitotic arrest [19] . Although cyclin B1-positive cells were present in both mutant and wild-type embryos, we observed cyclin B1 associated with chromatin in anaphase and telophase (23/692, or 3.3% of the cyclin B1-positive cells) only in the Sak Ϫ/Ϫ embryos but not in Sak-expressing embryos. This is consistent with Sak Ϫ/Ϫ cells arresting or delaying cell cycle progression late in mitosis (Figure 3e ).
To further quantify the mitotic defect in Sak Ϫ/Ϫ cells, we examined the growth of embryo explants that had been taken at E2.5 from Sak ϩ/Ϫ intercrosses and cultured for 11 days. While both Sak Ϫ/Ϫ and Sak ϩ/ϩ blastocyst outgrowths contained undifferentiated inner cell-mass (ICM) cells and trophoblast giant cells, Sak Ϫ/Ϫ outgrowths were often smaller, and DNA synthesis measured on the last day of culture was reduced in Sak Ϫ/Ϫ compared to Sak-expressing explants (Figure 4a,d ). Consistent with a late mitotic block, 68% of the ICM cells were positive for phosphorylated histone H3 in Sak Ϫ/Ϫ blastocyst explants as compared with only 17% in Sak-expressing explants (Figure 4b-d) . Sak is the first polo-like kinase to be studied by germline mutation in higher eukaryotes, and here we demonstrate its requirement for exit from mitosis in the postgastrula mouse embryo. However, Sak Ϫ/Ϫ embryos proceeded through many cell divisions before arresting at approximately E7.5. Although it is possible that the maternal Sak message and protein persist through multiple cell divisions in the early embryo, this seems unlikely as the vast majority of mRNA in mouse embryos at E3.5 and beyond are zygotic transcripts [20] . Furthermore, in cultured cell lines, Plk1 and Sak transcripts decline in G1, and the proteins are destroyed by APC [8, 21] . This destruction necessitates their resynthesis with each round of cell division. Although functional redundancy with other polo-like kinases may sustain Sak Ϫ/Ϫ embryo growth until E7.5, it is clear that subsequent developmental events, 
Subcellular localization of Plk and Sak are consistent with
Clb2 [25] . Displaying a comparable phenotype, Sak-deficient cells arrested in anaphase, presumably after the dethe notion of their partially overlapping and complementary roles in cell cycle regulation. The pb2 domain of Sak struction of Psd1, but failed to complete the destruction of cyclin B1. is required for the localization of the protein to mitotic structures where Plk and Cdc5 have previously been observed; such locations include the spindle poles and midMitotic functions of Cdc5 may be shared between mammalian polo-like kinases and thereby afford additional body at telophase [22] . However, Sak is localized to distinct sites where Plk is not found, notably the nucleolus levels of cell cycle control during development. In this regard, mitosis occurs in the Drosophila syncytium with in G2, while Plk but not Sak is found on centromeres in metaphase. In yeast, the nucleolus sequesters signaling only local destruction of cyclin B at spindle poles and centromeres, but after the cellularization of the embryo, proteins, including Cdc14, of the mitotic-exit network and releases them during mitosis to activate APC and the destruction of cyclin B is nearly complete between cell cycles [26] . In early Drosophila and Xenopus emcomplete the destruction of mitotic cyclins [23] , an event that may also occur in mammalian cells. In both yeast bryogenesis, APC activity depends only on fizzy (Cdc20), as fizzy-related (Cdh1) is not expressed until later stages and mammalian cells, signaling proteins that control the anaphase checkpoint and Cdc20-APC-dependent deof development, when it becomes required for the complete destruction of mitotic cyclins and for proliferation struction of Pds1 are localized to centromeres. Plx1 sustains APC activity in late M phase and allows complete arrest [24, 27] . In this report, we demonstrate that Sak is a polo-like kinase required for the destruction of cyclin destruction of mitotic cyclins in Xenopus oocyte extracts [24] . This maintenance of APC activity by polo-like ki-B1 and exit from mitosis in the postgastrula embryo, and the protein is localized to the premitotic nucleolus, where nases may regulate the switch from Cdc20-APC to Cdh1-APC. Indeed, Cdc5 mutant yeast cells degrade the activators of Cdh1-APC may be sequestered. We speculate that Sak may be required in the postgastrula mammaCdc20-APC substrates Pds1 and Clb5 but fail to activate Cdc14-and Cdh1-APC-dependent destruction of cyclin lian embryo as part of a developmentally controlled 
